The paper introduces a new type of industrial waste based subbase material which can replace conventional subbase material in pavement construction. Utilization of this industrial waste, namely pond coal ash produced from a thermal power plant in road construction will help to reduce the disposal problem of this waste and also will help to reduce the problem of scarcity of conventional subbase material. Lime and fibre were also added to the pond ash at various percentages to improve the suitability of this type of mix as subbase material. The optimum service life of pavement is studied with the help of numerical modeling and the cost benefit is also presented in the current study. The study reveals that stabilization of the coal ash with 2% lime may produce an optimal material and, even though a greater thickness may be required to deliver the same pavement performance, direct cost savings of around 10% may be achieved in additional to less easily quantifiable environmental benefits. Design charts are provided to exploit the findings.
INTRODUCTION
One of the major challenges facing the manufacturing and processing industries is the disposal of residual waste products. Ash, resulting from the combustion of coal to produce electricity, is a readily available by-product -particularly in India, the focus of this paper. As this availability is becoming more appreciated, demand for economic pavement construction materials, that impose a low environmental impact, is rapidly growing. Therefore, ash is considered in this paper as an alternative sub-base material. Though a powdered material, but, due to its pozzolanic properties and when stabilized with cement, it might be made to meet the requirements of cement bound sub-base material. Alternatively, lime could be used instead of cement, to give comparable long term strengths (Sherwood, 1995) albeit less rapidly developed (Atkinson et al, 1999) . Fibre-reinforcement is another possible improvement strategy (Kumar and Singh, 2008) .
Thus the aim of this paper is to provide means of reliably incorporating ash, as found in disposal ponds at Indian power stations, into viable layers of pavement construction. The paper draws on laboratory test data reported earlier, using this data to numerically compute likely in-situ behaviour. The aim is ultimately achieved by the production of design charts to guide users to the appropriate material and thickness of pavement layer incorporating that material and by providing an illustrative cost comparison.
PAVEMENT LAYER PRACTICE AND MATERIALS USED
In India, in practice, flexible pavements are considered to act as a three layer structure -sub-grade, unbound (so-called) and bound layer. The lowest part of the unbound layers, which is just above the sub-grade layer, is commonly known as the sub-base layer of the pavement. The higher 'unbound' layer usually comprises a Water Bound Macadam (WBM) or a Wet Mix Macadam (WMM) that forms the pavement base layer. While no cementing agent is added, compaction and water combine to provide a material held together by physical interlock and suction. It lies just above the sub-base layer. The bound layer is usually divided into two parts, viz., the Dense Bituminous Macadam (DBM) that lies above WBM and the top layer, known as Bituminous Concrete (BC) or wearing course. The subgrade layer is made up of locally available soil. The sub-base layer is typically formed of unbound granular materials viz. natural sand, moorum, gravel and or crushed stone based on a combination of availability, economic factors and previous experience. The commonly used materials for the WBM layer are crushed, graded aggregate and granular material, premixed with water. Crushed stone is also used as coarse aggregate. A DBM is a binder course in which bitumen binds together a mixture of coarse and fine aggregate. The top bituminous layer (BC) comes directly into contact with the vehicle tyres. It consists of a mixture of aggregates and sufficient bitumen so that it provides an impermeable barrier to water percolation (Chakroborty and Das, 2003) .
ENVIRONMENTAL CONSIDERATIONS WHEN USING CONVENTIONAL

MATERIALS
The most common materials that are used in road construction are bitumen, aggregate, crushed rock, sand and gravel. New bitumen is an oil product and, hence, its abstraction from the ground incurs similar issues as those associated with obtaining fossil fuels. However, it is a recyclable material; it can be used repeatedly by reheating it, allowing the asphalt that it binds to be softened, reworked and replaced. But the initial heating and subsequent reheating and recycling requires large amounts of heat energy and produces lots of harmful green house gases which pollutes the environment.
Again in summer, temperature rises and thus bitumen becomes soft. Natural solar heating will also causes softening of the bitumen, resulting in asphalt bleeding, rutting and segregation, and hence to failure of the pavement. During winter, temperature reduces, the bitumen becomes brittle and cracking, ravelling and unevenness can result.
The other materials used in pavement construction are the products of mining. While requiring relatively low energy to produce and lay, haul costs (i.e., fuel, labour, and maintenance)
are the single largest variables in determining the cost of material in road construction. To limit these costs, sand and gravel mines are often opened near to a specific road project and then abandoned once the project is completed (Blodgett, 2004) , leading to widespread despoliation and degraded air quality at the mining site and its vicinity. Aggregate and sand mines require water to wash some of its product and to control dust on site. To fulfil this demand many use scarce ground water competing undesirably with the increasing demands of domestic water use.
SITUATION IN INDIA
At present the National Highway network consists of about 71,772 km, comprising only 1.7% of the total length of roads in India, but carries over 40% of the total traffic across the length and breadth of the country (MORT&H, 2011) . To alleviate congestion and to provide for future development, the Government of India has recently launched an extensive road construction programme under which thousands of kilometres of roads are currently under construction or scheduled for construction in the future. Current methods to be used for the construction of the new roads are not as per international standards. As an example, India is still using very small amounts of recycled aggregate material for road construction. Instead it mostly depends on conventional materials viz.
aggregate, crushed rock, sand and gravel.
As reviewed above, such materials are associated with considerable problems. Thus, to counteract these problems, India needs to focus on recyclable aggregate material or must replace conventional sub-base or base materials with alternative materials. These materials could be industrial and domestic waste products since these materials are cheaply available and their use in road construction provides an efficient solution to the associated problems of pollution and disposal of these wastes.
Thermal power is the chief source of energy and produces nearly 70 percent of total energy production in India. Over 100 million tons per year (Gulhati and Datta, 1999) of coal ash is generated by these thermal power plants. Due to high ash content of coal along with a low percentage utilization of the fly ash, most of the fly ash is disposed of on land by creating an engineered ash pond to take care of environmental concerns. While many European countries and Japan use more than 50 percent of fly ashes in an environmentally acceptable manner, India has a modest record of only 5 percent utilization (Subbarao et al., 2001) . The disposal of the fly ash is a serious hazard to the environment and consumes millions of rupees and many hectares of precious land.
Pond ash is the fly ash, as well as the bottom ash, produced by a power plant when it is disposed of in an ash pond in the form of a slurry, typically at a ratio varying between 1 part ash to 6-10 parts of water. Pond ash is a non-crystalline pozzolanic and slightly cementitious material. On the basis of these properties, it might be converted into meaningful wealth as an alternative construction material in civil engineering works (Sarkar et al, 2012) . Use of pond ash in pavement construction could allow it to be used in large quantities. Therefore, this paper addresses its potential, stabilized both with and without fibres.
OPPORTUNITIES FOR REPLACING CONVENTIONAL MATERIALS BY ASH
PRODUCTS
There are numerous successful case histories on the utilization of fly ash either alone or mixed with other material. Typically, fly ash has been used for soil stabilization in road pavements -Chu et al (1995) ; as embankment material - Raymond (1961) ; as structural fill -DiGioia and Nuzzo (1972);
for injection grouting -Joshi et al(1981) ; as a replacement to cement - Gopalan and Haque (1986) . Maser et al (1975) reported successful studies on fly ash-cement mixture for subsidence control. Fawconnier and Kersten (1982) reported that the use of pulverized fly ash filling had effectively stabilized mines, reducing the risk of pillar failure in areas of low safety factor. Galvin and Wagner (1982) observed improved strata control using fly ash fill. Palariski (1993) reported the use of fly ash, mill tailings, rock and binding agents to make consolidated backfill material to improve extraction percentage in coal mines.
Mixing of a predetermined amount of fibre to a soil, gives a mesh like configuration leading to a mechanical means for reinforcement of the matrix, if done at appropriate moisture content (Nataraj and McManis, 1997) . Tests were carried out on the soils in which fibres were oriented in particular directions by Bauer and Fatani (1991) , and Shewbridge and Sitar (1989) . Tests were also carried out by Hoover et al.(1982) , Setty and Rao (1987) , Gray and Maher (1989) , Maher and Gray (1990), Maher and Ho (1994) , Michalowski and Zhao (1996) , Consoli et al. (1998) , and Santoni and Webster (2001) with randomly oriented fibres in soils. There, however, have been very few studies that have on fibre-reinforced and stabilized pond ash. Experimental studies have been carried out on some Indian fly ashes mixed with randomly oriented fibres. Chakraborty and Dasgupta (1996) studied the strength characteristics of polymer fibre-reinforced fly ash through triaxial shear tests. Kaniraj and Havanagi (2001) carried out experiments on randomly oriented fibre-reinforced fly ashsoil mixtures. Dawson and Bullen (1991) Ksaibati and Conklin (1994) . In the study, pavement performance models were developed on the basis of the physical attributes of the sections. Dawson et al (1996) Another challenge is to determine the appropriate thicknesses of different layers to get the optimum pavement thickness. This challenge is important as, otherwise, service life or cost of construction of the pavement section may be intolerable. The cost of construction may be less due to the reduction in thickness of a particular layer of pavement, but if the service life is less, then the assumed benefit may, in practice, turn out to be a deterioration.
AIM AND SCOPE OF WORK
The aim of this work is to determine ways of using coal pond ash as a subbase material in road construction that deliver adequate structural performance and that are economic. To achieve this general aim, an experimental study was carried out to understand the behaviour of pond ash mixed with admixtures, namely, fibre and lime. The purpose of mixing these additives with pond ash is to improve the strength, deformability, volume stability (shrinking and swelling), permeability, erodibility, durability, etc., of the mix for their use in the pavement construction. The pond ash was characterized with respect to its physical and geotechnical behaviour. Proctor compaction and triaxial tests were carried out on pond ash alone and also after stabilization of the pond ash by the addition of different percentages of the above admixtures within practical limits. The optimum percentage of the above admixtures was chosen based on these tests. Important geotechnical properties such as modulus of elasticity, cohesion and an angle of shearing resistance to be used in the numerical analysis were also evaluated from the test results.
Numerical studies on the performance of pavements constructed using these pond ashes, mixed with fibre and lime, were then carried out to evaluate the design life of pavements. A nominal pavement structure was designed considering Delhi silt as the sub-grade soil. A stress-strain analysis was then performed, considering that the sub-base layer is made up of pond ash stabilized with both admixtures, using the commercially available finite element software 'PLAXIS'. A parametric study was performed by varying the thickness of different layers with respect to a reference structure for each subbase material (pond ash + admixtures). Design charts were produced for different conditions including that of "equal design life" based on the above parametric study. Finally, cost comparisons of the different pavement structures were carried out.
MATERIALS USED
Pond Ash
The pond ash samples used in the present research work were obtained from the Badarpur plant site of the National Thermal Power Corporation located in the National Capital Region -Delhi. Pond ash is a pozzolanic material and can be stabilized with fibres and lime. The purpose of mixing these additives with pond ash is to improve the strength, deformability, volume stability (shrinking and swelling), permeability, erodibility, durability, etc., of the mix for its use in pavement construction.
The chemical and geotechnical properties of the pond ash sample used in this study are given in Tables 1 and 2 , respectively.
Fibre
A recent technique of soil or pond ash improvement is the mixing of randomly oriented fibres to the soil or pond ash (Chakraborty and Dasgupta, 1996) . The process is similar to the stabilization by using admixtures i.e., discrete fibres are simply added and mixed with the pond ash. The compaction characteristics of fibre-reinforced pond ash do not differ significantly from unreinforced specimens (Kumar et al, 1996) . One of the main advantages of randomly oriented fibres is the maintenance of strength isotropy and absence of potential plane of weakness, which may develop parallel to oriented reinforcements. The physical and engineering properties of the polypropylene fibres used in this study are listed in Table 3 .
Lime
Calcium oxide (CaO)is a chemical compound, widely used to treat soils in the form of quicklime The values of density, shear parameters and modulus of elasticity for different materials are given in Table 7 .
EXPERIMENTAL INVESTIGATIONS
Fibre was added to the pond ash at an increasing percentage of 0.2, 0.3, 0.4 and 0.5. Similarly the lime was added with the pond ash at an increasing percentage of 2, 3, and 5. The details of the experimental program are summarized in Table 5 . The tests were performed conforming to the specifications given in Table 6 .
STRUCTURAL ANALYSIS
Pavement Section
First, a typical pavement structure was designed with the selected sub-grade material having a CBR equal to 9% and to carry a traffic load of 100 million standard axles (msa) as per IRC: 37-2001. This pavement structure is shown in Fig. 1 .
Modelling Details
The following assumptions are made in the analysis:
 All layers have finite thickness including the bottom layer (sub-grade).
 All layers are of finite extent in the lateral direction (even though infinite in extent in reality)
 Bituminous concrete (BC) and dense bituminous macadam (DBM) exhibit linear elastic response.
 Water bound macadam (WBM), sub-base and subgrade soils exhibit an elasto-plastic response and failure can be modelled using the Mohr-Coulomb constitutive relationship.
The pavement section was modelled as suggested by Huang (1993) to mechanistically solve the layered pavement response to traffic loading and to investigate the effect of sub-base material on flexible pavement design. The pavement section considered for the finite element modelling is shown in Fig.2 . A pressure of 575 kPa was applied at the surface distributed over a radius of 150 mm based on specifications of the Indian Road Congress. This uniform pressure is caused by a single wheel load of 40.8 kN. Dimensions of the axisymmetric finite element model employed were selected so that it was sufficiently large and, thus, the constraints imposed at the boundaries will have very little influence on the stress distribution in the system. Based on a small parametric study, this necessitated that the right boundary be placed 1100 mm from the outer edge of loaded area, which is more than 7 times the radius of the applied load. The bottom extent of the subgrade was fixed at a subgrade depth of 500 mm, based on usual practice (IRC: 37-2001). Roller supports were provided along the axis of symmetry to achieve the condition that radial displacements are equal to zero. Also, the roller supports were provided along the right boundary which was placed sufficiently away from the centre of loading. At the bottom boundary, roller supports were provided for permitting free movement in the radial direction and a restraint to any movement in the vertical direction.
During the generation of the mesh, clusters were divided into triangular elements. The meshes are composed of 15-noded triangular elements which have a greater ability to model continuously varying stress-strain fields for less computational effort than would be needed using a far greater number of 6-noded triangular elements. Results were found to converge for the adopted mesh as shown in Fig. 2 .
The finite element analysis of the pavement system was carried out by considering values of resilient modulus, E, and Poisson's ratio, ν, given in Table 7 . The pond ash collected from the Badarpur site, as well as the pond ash stabilized with admixtures, was considered as the sub-base material in the present study. The adopted properties of these materials are summarized in Table 7 .
The resilient modulus of the subgrade has been calculated as per IRC: 37-2001. In India, coarse sand or a mixture of river bed material and crushed stones are commonly used as a conventional subbase material (CSM) for pavement construction (Sinha, 2009) The elastic modulus for bituminous concrete is considered as per IRC: 37-2001.
Parametric Study
To develop design charts to help in decision making and better utilization of the technique of pond ash stabilization by admixtures, a detailed parametric study was carried out by considering the nominal pavement as the reference structure and then varying the thickness of each layer within practical limits with respect to this nominal pavement, as given in Table 8 . Other materials considered for subbase layer were as follows: Badarpur pond ash mixed with percentage of fibre and lime as mentioned in Table 7 and CSM. Given the expectation that stabilized ash might not perform so well as a CSM, greater thicknesses of this were considered than that of the CSM in the reference pavement. Also, since the ash-based material is expected to be economic compared with the base and asphaltic layers, greater thicknesses of the ash layer might allow thinner layers of the higher pavement layers, introducing the possibility of overall cost savings.
Design Life of Pavement
Structural failures in a flexible pavement are of two main types, namely, surface cracking and rutting. Eq. 3
Where, N 1 , N 2 =Number of passes of a standard axle required to produce allowable rutting in a pavement with subbase material type 1 and 2, respectively, and ϵ v1 , ϵ v2 =Vertical compressive strain at the top of subgrade layer with subbase material type 1 and 2, respectively
In the following analyses, subbase 1 is taken to be the one comprising CSM, 200 mm thick.
Fatigue:
In a similar manner, a service life ratio (SLR) can be computed for fatigue failure.
The actual relationship will depend on the material that is subject to fatigue. For the purpose of this paper, the fatigue characteristics determined by IRC: 37-2001 for a DBM were adopted:
Eq. 4
Where, ϵ t1 , ϵ t2 = Tensile strain at the bottom of the bound DBM course with subbase material type 1 and 2, respectively
TEST RESULTS AND DISCUSSION
Figs. 3 (a)-(b) plot the maximum vertical compressive strain at the top of the subgrade versus sub-base thickness for the cases when the subbase layer is made up of Badarpur pond ash alone and mixed with fibre and lime, respectively, having the properties as given in Table 8 , which vary with stabilization rate. The magnitude of the maximum subgrade strain decreases with the increase in subbase thickness and with degree of stabilization. The thicknesses of all layers except the subbase are maintained at their reference values (see Table 8 ). The magnitude of the vertical strain is simply and positively related to the rutting in the pavement. The lesser the value of the maximum vertical compressive strain in the subgrade, the lesser is the rutting in the pavement and the longer is the life of the pavement.
It can be seen that, for fibre-stabilization, improvement continues until 0.3% fibre has been added but then, adding more fibre, causes little further benefit. In the case of lime, 2% addition achieves significant reductions in strain whereas additional lime-stabilization achieves little further benefit. respectively. Thus, for the same thickness of ash subbase, treatment by fibres, but not by lime, yields a service life ratio that is higher than that for the conventional subbase. Vertical strains and tensile strains for pond ash alone and mixed with lime are much higher than that for conventional subbase material (CSM) and so the service life ratios are much lower than CSM. For all three alternatives given in Table 9 , it is the tensile strain at the bottom of the asphaltic layers which is the limiting condition.
From Fig. 7 , which plots this SLR data, it is observed that the stiffness ratio (i.e. stiffness of ash compared to stiffness of CSM) increases monotonically with the increase in the service life ratio when the pond ash is mixed with various percentages of fibre and lime and used as subbase material.
The inverse of the above -the variation in the thickness of different layers of a pavement having a stabilized subbase layer needed to provide the same lifetime of the pavement as the conventional pavement is given in Table 10 . As per IRC: 37-2001, the required thickness of the subbase layer for a traffic of 100 msa and for a CBR value of subgrade material of 9% is 200 mm when CSM is used as the subbase material. Thus it needs to be increased to 315 mm when pond ash alone is used as the subbase material if the service life of the pavement is to remain unaffected (column 2 and 3 of Table 10 ). This increased thickness for the same service life is termed as equivalent thickness. The problem of a thick pavement section in such cases can be easily overcome by keeping the subbase thickness of 200 mm the same (as per design) but increasing the thickness (usually by a much smaller amount) of either the WBM layer or the DBM layer (as shown in the last 4 columns of Table 10 ). The decision of such replacement will naturally be guided by economy of construction. Fig. 8 depicts the equivalent thickness of subbase, WBM or DBM layers that will give the same service life ratio; in each case the other layers retain their reference thickness. The procedure to pick equivalent thickness is illustrated in Fig. 8(b) . e.g. when the WBM thickness would be 240 mm over a CSM, its thickness can be reduced to 140 mm if an ash+0.5% fibre is used as the subbase or must be increased to 445 mm if the ash is used unstabilized (see dashed lines on Fig. 8(b) ). The results are summarized in Table 10 .
ECONOMIC ASSESSMENT
In the present study, the pavement is designed for a single subgrade soil. For simplicity, the cost of the preparation of subgrade, conventional subbase material subbase, granular base, dense bituminous macadam and bituminous concrete is considered to be the same in all cases and were taken from Tirumala (2007) . However, the cost of the preparation of different subbase layer varies, depending upon the thickness and the material of the subbase. The current schedule of rates for Delhi region is used for the cost analysis of subgrade, subbase, WBM, DBM and BC course.
The details of the cost analysis per m 3 for subgrade are shown in Table 11 .
The cost analysis of subbase constructed by pond ash, pond ash mixed with admixtures and conventional subbase material is shown in Table The cost analysis per m 3 for subgrade, subbase, WBM, DBM and BC are summarized in Table 16 . The construction cost of different layers including the subbase layers consisting of pond ash alone and the pond ash stabilized with two different admixtures for the same service life is given in Table 17 for a 1 km long pavement (using the results summarized earlier in the "subbase thickness" column of Table 10 ). Percentage savings in total cost by direct replacement of conventional subbase material by pond ash alone and of ash mixes with admixtures are also shown in Table 17 .
As mentioned earlier, for the same pavement life an increased thickness of sub-base made of ash-based material could be used to partially replace a thickness of WBM. A comparison of the savings in cost of construction with respect to thickness ratio of WBM to subbase for various subbase materials considering maximum vertical compressive strain at the top of subgrade and maximum tensile strain at the bottom of DBM is shown in Fig. 9 and Fig. 10 , respectively. This is based on the thickness data presented in the subbase and WBM thickness columns of Table 10 and on similar computations for other thickness combinations.
From Fig. 9 , the saving in total cost of construction is 11.49%, 5.18% and 12. The saving in total cost of construction for the equivalent thicknesses of subbase layer made up of pond ash alone and with 2% lime, considering tensile strain at the bottom of DBM, could not be made. This is because, instead of a saving, the cost of construction of the pavement is increased due to application of these materials (due to cost of subbase preparation being greater than for the saving in subbase made up of conventional subbase material). Only 0.5% fibre treatment produces a cost saving when tensile strain at the bottom of the DBM layer is considered. Figure 10 shows the possible savings as a function of WBM and sub-base thickness.
The sensitivity of the percentage saving of cost of construction of 1 km pavement was checked based on a small parametric study considering maximum vertical compressive strain at the top of subgrade and maximum tensile strain at the bottom of DBM. In the study, the cost of WBM, DBM or BC course was (separately) increased by 10% from the basic price. The thickness ratio was varied by keeping WBM thickness (=250 mm) constant but increasing the subbase thickness from 200 mm to 500 mm, as mentioned in Table 7 .
For these 10% increases in material costs, the parametric study revealed that the saving in cost of construction reduced by 1.7-2.2% (pond ash alone), 3.1-4.0% (ash + 5% fibre) and 1.3-1.6%
(ash + 2% lime); the range being a consequence of the particular material that was 10% more expensive. These figures are based on the change in pavement performance as predicted by the change in vertical compressive strain. The predicted cost saving reduced a little less (by only 1.4-3.9% for the ash + 5% fibre) when the change in tensile strain at the bottom of the DBM was considered. Thus rutting is expected to be the controlling factor in determining sensitivity to material prices.
DESIGN RECOMMENDATIONS
From Fig. 9 , for the thickness ratio of 0.3 (thickness of WBM =150 mm and subbase =500 mm) considering vertical strain at the top of subgrade, the percentage saving of cost of construction of 1 km pavement is maximum (=21.00%) when pond ash mixed with 0.5% fibre is used as subbase material. Similarly, for the thickness ratio of 1.25 (thickness of WBM =250 mm and subbase =200 mm), the percentage saving of cost of construction of 1 km pavement is minimum (=3.82%) when pond ash mixed with 2% lime is used as subbase material. As per IRC: 37-2001, considering a traffic load of 100 msa and CBR of 9% subgrade, the recommended thicknesses of WBM and subbase are 250 mm and 200 respectively (Fig. 1) i.e. thickness ratio =1.25. For this recommended thickness ratio, the percentage savings of cost of construction of pavement are minimum than the rest when subbase layer is made up of pond ash alone and mixed with admixtures. However, if we consider the above recommended thicknesses of WBM and subbase as per IRC: 37-2001, the service life ratio of the pavement will be reduced by 18% (SLR=0.82) taking SLR=1.00 for conventional subbase material (CSM).
Similarly, from Fig. 10 , for the thickness ratio of 0.3 (thickness of WBM =150 mm and subbase =500 mm) considering tensile strain at the top of WBM, the percentage saving of cost of construction of 1 km pavement is maximum (=26.23%) when pond ash mixed with 0.5% fibre is used as subbase material. Similarly, for the thickness ratio of 1.25 (thickness of WBM =250 mm and subbase =200 mm), the percentage saving of cost of construction of 1 km pavement is minimum (=11.89%) when same material is used as subbase material.
The main purpose/ aim of the present study are to maximize the utilization of pond ash as subbase material alone or with admixture to replace the conventional subbase material, without affecting the service life of the pavement. Again while selecting the subbase material the cost of construction of the pavement is also to be considered. So keeping both the points in mind and considering Fig. 9 and Fig. 10 , the thickness ratio of 0.3 (thickness of WBM =150 mm and subbase =500 mm)when pond ash mixed with 0.5% fibre is used as subbase material is recommended for the construction of pavement keeping other course of pavement section constant.
CONCLUSIONS
In the present study, induced vertical strain and tensile strain at the top of subgrade and at the top of WBM, respectively, are used to compare quality and cost of different pavements when the subbase layer is made up of Badarpur pond ash alone and Badarpur pond ash stabilized with different admixtures. A commercially available finite element based software 'PLAXIS' is used to evaluate the vertical and tensile strain at the top of subgrade and at the top of WBM, respectively, and as well as the distribution of strain inside different layers of pavement. The pavement section was modelled as an axi-symmetric problem and standard boundary conditions were used. The extent of the boundaries of the section was then fixed by a small parametric study.
A nominal pavement structure used for the parametric study was first designed as per IRC:
37-2001 considering a traffic load of 100 msa and CBR of 9% corresponding to Delhi silt subgrade at Jamia Milia Islamia. The thickness of subbase layer, water bound macadam (WBM) layer and dense bituminous macadam (DBM) layer was then varied with respect to this nominal pavement and the response of the pavement was evaluated.
Designed life and service life of a pavement is defined as the cumulative number of standard axles that can be carried before strengthening of pavement is necessary based on rutting failure criterion. A standard equation is available that uses maximum subgrade vertical strain to evaluate the design life and thus, the quality of the pavement. A service life ratio is defined as a function of induced subgrade strain in a given pavement vis-à-vis in a conventional pavement structure. Thus, the service life ratio indicates the lifetime of other pavements vis-à-vis conventional pavement
structure.
An equivalent thickness is defined as the modified thickness of a particular layer of a new pavement required that has one of the layers made up of new material such that the lifetime of the new pavement remains the same as that of the conventional pavement. Based on the above parametric study, the equivalent thickness of subbase, water bound macadam (WBM) and dense bituminous macadam (DBM) layers are calculated when the subbase layer is made up of Badarpur pond ash mixed with no additive, 0.5% fibre and 2% lime. This was followed by the cost analysis of 1 km long pavement structure with a top width of 3.75 m based on the schedule of rates for Delhi region. Based on this study, following conclusions are drawn.
1. The vertical compressive strain was found to be maximum for pond ash.
2. i) With the increase of percentage of fibre(upto 0.5%), the stiffness of pavement increases and the maximum strain decreases.
ii) With the increase of percentage of lime (upto 5%), the stiffness of pavement increases and the maximum strain decreases. But from simplicity of mixing point of view, the percentage of lime used was 2% in the test. The maximum DBM thickness was obtained where pond ash was used as subbase material and minimum thickness was obtained where pond ash mixed with 0.5% fibre used as subbase material.
7. Comparing subbase and WBM, the variation in subbase thickness give the maximum saving for same service life ratio.
8. Based on a parametric study, it is seen that the percentage saving of cost of construction of the pavement is between 1.3 and 4% for a 10% increase in WBM, DBM or BC costs.
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